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polyaniline into the inorganic precipitate of titanotungstate. This material was characterized using
X-ray, IR and TGA studies. The inﬂuences of initial concentration of metal ions, particle size and
temperature have been reported. The comparison of composite and inorganic materials was studied
and indicating that the composite material is better than the inorganic in selectivity of Cs+ ions.
Thermodynamic parameters, such as changes in Gibbs free energy (DG), enthalpy (DH), and
entropy (DS) have been calculated. The numerical values of DG decrease with an increase in tem-
perature, indicating that the sorption reaction of adsorbent was spontaneous and more favorable
at higher temperature. The positive values of DH correspond to the endothermic nature of sorption
processes and suggested that chemisorptions were the predominant mechanism. A comparison of
kinetic models applied to the sorption rate data of Cs+ ions was evaluated for the pseudo ﬁrst-
order, the pseudo second-order, intraparticle diffusion and homogeneous particle diffusion kinetic
models. The results showed that both the pseudo second-order and the homogeneous particle dif-
fusion models were found to best correlate the experimental rate data. Self diffusion coefﬁcient (Di),
Activation energy (Ea) and entropy (DS*) of activation were also computed from the linearized
form of Arrhenius equation.
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lsevier1. Introduction
The organic ion exchangers are well known for their unifor-
mity, chemical stability and control of their ion exchange prop-
erties through synthetic method (Devi et al., 2010). Inorganic
ion exchange materials, besides other advantages, are more
stable at high temperatures and in radiation ﬁelds than the
organic (Amphlett and Jones, 1964; Khan et al., 2009; Alberti
et al., 2001; Varshney et al., 2007; Zakaria et al., 2002;
El-Naggar et al., 1999; Ali et al., 2008). In order to obtain a
combination of these advantages and to increase interlayer
110 I.M. El-Naggar et al.distance of layered inorganic ion exchangers many organic–
inorganic exchangers have been developed earlier by the incor-
poration of organic monomers in the inorganic matrix (Pandit
and Chudasama, 1998; Shpeizer et al., 2010; Alberti et al.,
2005, 2007; Ferragina et al., 2010). Efforts have been made
to improve the chemical, thermal and mechanical stabilities
of ion exchangers and to make them highly selective for certain
metal ions. Mardan et al. (1999) prepared silica potassium
cobalt hexacyanoferrate composite ion exchanger which has
excellent exchange properties of 137Cs. Alam et al. (2010) pre-
pared Polyaniline Ce(IV) molybdate that has high selectivity to
Cd(II). Inamuddin and Ismail prepared poly-o-methoxyaniline
Zr(1V) molybdate that has high selectivity to Cd(II) (Inamud-
din and Ismail, 2010). Nabi et al. (2009) prepared acrylonitrile
stannic(IV) tungstate that has high selectivity to Pb(II). Cobalt
ferrocyanide impregnated organic anion exchanger was found
to be highly selective for cesium (Valsala et al., 2009). Khan
and Inamuddin (2006) prepared Polyaniline Sn(IV) phosphate
that was found to be highly selective for Pb(II). polyaniline
Sn(IV) tungstoarsenate (Khan et al., 2003) was found to be
highly selective for Cd(II). Siddiqui et al. (2007) synthesized
a hybrid type of ion exchanger poly(methyl methacrylate)
Zr(1V) phosphate that has high selectivity to Pb(II). Polypyr-
role thorium(IV) phosphate cation-exchanger was found to be
highly selective for pb(II) ion (Khan, 2005).
Polyaniline titanotungstate has been found to have high
selectivity for cesium. Cesium removal from aqueous solutions
is a major priority of radioactive waste treatment because
radio-isotopes of cesium emit gamma radiation, have long
half-lives, have a high mobility in the biosphere and have
hazardous effect on the environment (Lebedev et al., 2003;
Zakaria and El-Naggar, 1998). Cesium is, therefore, a poten-
tial pollutant in the environment. The following pages summa-
rized synthesis, characterization and Sorption kinetic modeling
analysis for the removal of cesium ions from aqueous solutions
using this material.
2. Experimental
2.1. Reagents
All reagents and chemicals utilized in this work were of analyt-
ical grade purity. The reagents used for the synthesis of mate-
rial were obtained from PROLABO, FLUKA and ADWIK.
Bidistilled water was used for solutions preparation, dilution
and washing all glass.
2.2. Preparation of the reagent solutions
A solution (1 M) of titanium chloride, TiCl4ÆH2O was prepared
in 4 MÆHCl, while 1 M sodium tungstate, Na2WO2Æ2H2O solu-
tion was prepared in demineralized water (DMW). Solutions
of 10% (v/v) aniline (C6H5NH2) and 0.1 M potassium persul-
phate (K2S2O8) were prepared in 1 M HCl.
2.3. Preparation of polyaniline titanotungstate
Polyaniline gels were prepared by mixing aqua volumes of the
solutions of 10% aniline (C6H5NH2) and 0.1 M potassium per-
sulphate with continuous stirring by a magnetic stirrer. Green
colored polyaniline gels were obtained by keeping the solutions
below 10 C for half an hour. A precipitate of titanium tung-state was prepared at (65 ± 2 C) by adding 1 M titanium
chloride solution to an aqueous solution of 1 M sodium tung-
state (Na2WO2Æ2H2O) in equal volume ratio. The white precip-
itates were obtained, when the pH of the mixtures was adjusted
to 6.5 by adding aqueous ammonia with constant stirring. The
gels of polyaniline were added to the white inorganic precipi-
tate of titanium and mixed thoroughly with constant stirring.
The resultant green colored gels were kept for 24 h at room
temperature (25 ± 2 C) for digestion. The supernatant liquid
was decanted and the gel was rewashed with bidistilled water
in order to remove ﬁne adherent particles and was ﬁltered by
center ﬁssion. The excess acid was removed by washing with
DMW and the material was dried in an air oven at 50 C.
The dried products were immersed in DMW to obtain small
granules. They were converted into H-form by treating with
0.01 M HNO3 for 24 h with occasional shaking intermittently
replacing the supernatant liquid with fresh acid. The excess
acid was removed after several washings with DMW and then
dried at 50 C. Materials of several particles size were obtained
by sieving and kept in desiccators.
2.4. Instruments and characterization of polyaniline
titanotungstate
Measurements of powder X-ray diffraction patterns were car-
ried out using Shimadzu X-ray diffractometer, Model XD 490
Shimadzu, Kyoto, Japan, with a nickel ﬁlter and Cu-Ka radi-
ation tube. Samples were very lightly ground and mounted on
a ﬂat sample plate at room temperature. Measurements of dif-
ferential thermal analysis (DTA) and thermogravimetric anal-
ysis (TG) were carried out using a Shimadzu DTA-60 thermal
analyzer obtained from Shimadzu Kyoto, Japan. The sample
was measured from ambient temperature up to 1000 C with
the heating rate of 20 C/min. The IR spectrum of the pre-
pared materials was measured by IR spectrometer using KBr
disc technique. The IR spectrum was scanned over the wave
length range 400–4000 cm1 using BOMEM FTIR model
MB 147, product from Canada. An elemental analyzer caring
using a double beam atomic absorption spectrophotometer
was obtained from Shimadzu, Kyoto, Japan, and an induc-
tively coupled plasma mass spectrophotometer (ICP) was ob-
tained from Shimadzu, Kyoto, Japan.
2.5. Kinetic studies
Kinetic measurements were performed, using batch technique,
by equilibrating 0.05 g of each of polyaniline titanotungstate
(composite) and inorganic compound titanotungstate (inor-
ganic) with V/m = 50 cm3/g with three different concentrations
of 660, 1300 and 6600 mg/L of Cs+ ions. The experiments were
also conducted at three different reaction temperatures (25, 45
and 60 ± 1 C), and three different particle diameters 0.46,
0.318 and 0.156 mm using an initial ion concentration of
1300 mg/L. For these investigations 0.05 g of polyaniline titano-
tungstate and the inorganic compound titanotungstate was con-
tacted with 2.5 ml of solution containing known concentration
of Cs+ (V/m = 50 cm3/g) and the solution was kept stirred in a
thermostatic shaker adjusted at the desired temperature as a
function of the time. After interval time, the shaker is stopped
and the solution is separated at once from the solid. The solution
was analyzed using atomic absorption in order to determine the
amount of Cs+ ions sorbet. The amount of metal ion sorbet
Kinetic modeling analysis for the removal of cesium ions from aqueous solutions using polyaniline titanotungstate 111onto polyaniline titanotungstate and inorganic compound
titanotungstate at any time, qt (mg/g) and the sorption (P) were
calculated from the expressions:
qt ¼ ðc0  ctÞ
V
m
ð1Þ
P ¼ C0  Ct
C0
 
 100 ð2Þ
where C0 is the initial concentration, Ct is the concentration at
time t (mg/L) of metal ions in solution, V the volume (L) and
m is the weight (g) of the adsorbent.
3. Results and discussion
3.1. Characterization of polyaniline titanotungstate
Fig. 1 shows the FTIR spectrum of polyaniline (a), titanotung-
state (b), and polyaniline titanotungstate (c). It is evident fromFigure 1 FTIR spectra of a prepared polyaniline (a), titanotungstthe FTIR studies of the ‘organic–inorganic’ composite cation-
exchanger in H+-form polyaniline titanotungstate (Fig. 1c)
that the material shows the presence of external water molecule
in addition to –OH groups and the metal oxygen bond. In the
spectrum of the material, a strong and broad band around
3287 cm1 is found which can be ascribed to –OH stretching
frequency. A sharp peak around 1615 cm1 can be attributed
to H–O–H bending band, representing the free water molecules
(water of crystallization) which represents the strongly bonded
–OH groups in the matrix (Rao, 1993). The band appearing at
1400 cm1 may correspond to the Ti andW–OH bonds (Rawat
et al., 1990; Nabi and Shalla, 2009). In the polyaniline (Fig. 1a)
the peaks at about 1476 cm1 due to The N–H bending vibra-
tion, the C–N stretching vibration in the region 1299 cm1, the
N–H rocking at 796 cm1 and C‚C at 1562 cm1 indicate the
presence of polyaniline. In the polyaniline titanotungstate
(Fig. 1c), there is C–N stretching band around 1299 cm1ate (b), and polyaniline titanotungstate composite material (c).
112 I.M. El-Naggar et al.region and C–C stretching band around 1139 cm1. These
characteristic stretching frequencies show close resemblance
with the inorganic precipitate, i.e. in polyaniline titanotung-
state (Fig. 1c), indicating the binding of inorganic precipitate
with organic polymer and formation of ‘organic–inorganic’
composite ‘polyaniline titanotungstate.’ This indicates that
the polyaniline titanotungstate contains considerable amount
of aniline.
The X-ray diffraction pattern of the synthesized polyaniline
titanotungstate is amorphous. The TGA–DTA analysis curve
(Fig. 2) of the polyaniline titanotungstate showed a continuous
loss of mass (about 10%) up to 130 C, which may be due to
the removal of the water of crystallization (Ali et al., 2010).
A further mass loss between 230 and 730 C may be due to
complete decomposition of the organic part of the material.
Above 730 C, a smooth horizontal section is seen, which rep-Figure 2 TGA–DTA thermogram
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Figure 3 Effect of initial ion concentration and contact time on the a
(b) titanotungstate.resents the complete formation of the oxide form of the mate-
rial. The total loss of weight is 17% up to 1000 C indicating
that the material is stable.
3.2. Effect of initial concentration and contact time
The effect of the initial ion concentration was performed at ini-
tial concentrations of 660, 1300 and 6600 mg/L at 25 C for the
sorption of Cs+ ions onto polyaniline titanotungstate and
inorganic compound titanotungstate and the results were
shown in Fig. 3. It is clear that the sorption amount of Cs+
ions increase with increasing the initial ion concentration,
and the amount of Cs+ ions sorbet by composite is grater than
that of Cs+ ions sorbet by inorganic adsorbent. Also, the
amount of Cs+ ions sorbet sharply increases for each adsor-
bent with time in the initial stage (0–120 min range), and thenof polyaniline titanotungstate.
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Figure 4 Plots of the amount sorbet of Cs+ ions onto (a) polyaniline titanotungstate and (b) titanotungstate at different particular sizes.
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mately 240 min. A further increase in contact time had a neg-
ligible effect on the amount of ion sorption. The rate of
reaction was found to be independent of the initial concentra-
tion. According to these results, the agitation time was ﬁxed at
5 h for the rest of the batch experiments to make sure that the
equilibrium was reached. The increase in the uptake capacity
of the adsorbent material with increasing initial ion concentra-
tion may be due to higher probability of collision between each
investigated ion and the adsorbent particles. The variation in
the extent of sorption may also be due to the fact that initially
all sites on the surface of adsorbent were vacant and the metal
ion concentration gradient was relatively high. Consequently,
the extent of each ion uptake decreases signiﬁcantly with the
increase of contact time, depending on the decrease in the
number of vacant sites on the surface of adsorbent material.
3.3. Effect of particle size
Fig. 4 shows plots of the amount sorbet of Cs+ ions from
aqueous solutions for various adsorbent particle sizes. The
adsorbent diameters shown are the averages of the mesh sizes0 50 100 150 200 250 300
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Figure 5 Effect of contact time on the amount sorbet of Cs+ ion
different temperatures.for the consecutive sieves that allowed the particles to pass
through and retained the particles. It is clear from the ﬁgure
that the metal ion removal rate was signiﬁcantly affected by
the particle size. The rate and extent of sorption, for a constant
mass of the adsorbent, is proportional to the speciﬁc surface
area, which is higher for small particles. Guibal et al. (1998) re-
ported that mathematical models for external surface diffusion
and intraparticle diffusion controlled sorption dictated that the
sorption rate parameters should vary with the reciprocal of the
ﬁrst power of the adsorbent particle diameter and the recipro-
cal of some power of the adsorbent particle diameter, respec-
tively. On the other hand, if the interaction between the
sorbet and the binding sites is kinetically rate controlled, the
rate constant, and hence sorption rate will be independent of
the adsorbent particle size (Ho and McKay, 1999a).
3.4. Effect of contact time and temperature
Fig. 5 shows plots of the amount sorbet of Cs+ ions from aque-
ous solutions onto prepared polyaniline titanotungstate and
titanotungstate, at initial metal ion concentration 1300 mg/L
and at temperature 25, 45 and 60 C as a function of contact0
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Figure 6 Relation ship between Gibbs free energy change and
temperature of sorption of Cs+ ions onto polyaniline titanotung-
state and titanotungstate at different temperatures.
114 I.M. El-Naggar et al.time. The ﬁgure shows a high initial rate of removal within the
ﬁrst 120 min of contact (over 80% removed) followed by a
slower subsequent removal rate that gradually approached an
equilibrium conditions in 5 h. The thermodynamics parameters
for the systems were calculated at different temperatures and
summarized in Table 1. In order to gain insight into the thermo-
dynamic nature of the sorption process, several thermodynamic
parameters for the present systems were calculated. The Gibbs
free energy change, DG, is the fundamental criterion of sponta-
neity. Reactions occur spontaneously at a given temperature if
DG is a negative quantity. The free energy of the sorption reac-
tion is given by the following equation:
DG ¼ RTLnKc
where Kc is the sorption equilibrium constant, R the gas con-
stant, and T is the absolute temperature (K). The sorption
equilibrium constant (Kc) can calculated from:
Kc ¼ Fe
1 Fe ð4Þ
where Fe is the fraction attainment of metal ion sorbet at
equilibrium.
The values of the equilibrium constant (Kc) for the sorption
of Cs+ ions onto composite and inorganic adsorpent were cal-
culated at different temperatures and at equilibrium time of 5 h
using Eq. (4). The variation of Kc with temperature, as summa-
rized in Table 1, showed that Kc values increase with increase
in sorption temperature, thus implying a strengthening of
adsorbate–adsorbent interactions at higher temperature. This
also indicates that Cs+ ions dehydrate considerably at higher
temperature before sorption and thus their sizes during sorp-
tion are smaller yielding higher Kc values (Ho and McKay,
1999b). Also, the obtained negative values of DG conﬁrm the
feasibility of the process and the spontaneous nature of the
sorption processes with preference towards Cs+ ions.
The Gibbs free change can be represented as follows:
DG ¼ DH TDS ð5Þ
The values of enthalpy change (DH) and entropy change
(DS) calculated from the slope and intercept of the plot of
DG versus T (Fig. 6) are also given in Table 1. The value of
DH for Cs+ ions was found to be positive, the reaction is endo-
thermic. The positive values of the entropy change (DS) show
the increased randomness at the solid/solution interface with
some structural changes in the adsorbate and adsorbent and
an afﬁnity of the polyaniline titanotungstate and titanotung-
state towards Cs+ ions.
3.5. Sorption kinetics modeling
The study of sorption dynamics describes the solute uptake
rate and evidently this rate controls the residence time ofTable 1 Equilibrium characteristics and thermodynamic parameter
(b) titanotungstate at different temperatures.
Temperatures (K) Kc DG (KJ/mol)
Com. Inorg. Com.
298 7.84 4.00 5.103
318 13.2 5.66 6.73
333 24.00 10.11 8.79adsorbate uptake at the solid/solution interface. In this part
of study, the data of the kinetics of Cs+ ions sorbet from aque-
ous solutions onto prepared polyaniline titanotungstate and
titanotungstate at different temperatures, as illustrated in
Fig. 5, were analyzed using pseudo ﬁrst-order, pseudo sec-
ond-order, intraparticle diffusion and homogeneous particle
diffusion kinetic models, respectively. The conformity between
experimental data and each model predicted values was ex-
pressed by the correlation coefﬁcient (R2). A relatively high
R2 values indicates that the model successfully describes the
kinetics of metal ion sorption removal.
3.5.1. Pseudo ﬁrst-order model
The sorption kinetics of metal ions from liquid phase to solid is
considered as a reversible reaction with an equilibrium state
being established between two phases. A simple pseudo ﬁrst
order model (Ho and McKay, 1999a,b) was, therefore, used
to correlate the rate of reaction and expressed as follows:
dqt
dt
¼ k1ðqe  qtÞ ð6Þ
where qe and qt are the concentrations of ion in the adsorbent
at equilibrium and at time t, respectively, (mg/g) and k1 is the
pseudo ﬁrst-order rate constant (h1).
After integration and applying boundary conditions t= 0 to
t= t and qt= 0 to qt= qt, the integrated form of Eq. (6)
becomes:
logðqe  qtÞ ¼ log qe 
k1
2:303
t ð7Þ
Plots for Eq. (7) were made for Cs+ ions sorption at differ-
ent studied temperatures and shown in Fig. 7. Approximatelys for the sorption of Cs+ ions on polyaniline titanotungstate and
DH (KJ/mol) DS (J/mol K)
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Figure 7 Pseudo ﬁrst-order kinetic plots for the sorption of Cs+ ions from aqueous solutions onto (a) polyaniline titanotungstate and
(b) titanotungstate at different temperatures.
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Figure 8 Pseudo second-order kinetic plots for the sorption of Cs+ ions from aqueous solutions onto (a) polyaniline titanotungstate and
(b) titanotungstate at different temperatures.
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range of shaking time explored and at all temperatures, with
low correlation coefﬁcients, indicating that the pseudo ﬁrst-or-
der kinetic model is not valid for the present systems.
3.5.2. Pseudo second-order model
A pseudo second-order rate model (Ho and McKay, 1999b,c)
is also used to describe the kinetics of the sorption of ions onto
adsorbent materials. The differential equation for chemisorp-
tions kinetic rate reaction is expressed as:Table 2 The calculated parameters of the pseudo second-order kine
(b) titanotungstate at different temperatures.
Temperature (K) qe (mg/g) experimental qe (mg/g) calculated
Com. Ino. Com. Ino.
278 32.08 19.79 34.083 21.4
318 32.79 20.36 34.75 22.1
333 33.5 20.82 35.32 22.5dqt
dt
¼ k2ðqe  qtÞ2 ð8Þ
where k2 is the rate constant of pseudo second-order equation
(L/mg h).
For the boundary conditions t= 0 to t= t and qt = 0 to
qt = qt, the integrated form of Eq. (8) becomes:
1
qe  qt
¼ 1
qe
þ k2t ð9Þtic models for Cs+ ions onto (a) polyaniline titanotungstate and
h (mg/L h) K2 (L/mg h) R
2
Com. Ino. Com. Ino. Com. Ino.
6 64.8 31.2 1.91 1.45 0.9840 0.9829
0 97.2 34.8 2.76 1.56 0.9973 0.988
8 112.8 41.4 3.18 1.8 0.9979 0.9930
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Figure 9 Morris–Weber kinetic plots for the sorption of the sorption of Cs+ ions from aqueous solutions onto (a) polyaniline
titanotungstate and (b) titanotungstate at different temperatures.
116 I.M. El-Naggar et al.Eq. (9) can be rearranged to obtain a linear form equation
as:
t
qt
 
¼ 1
k2q2e
 
þ 1
qe
 
t ð10Þ
If the initial sorption rate h (mg/L h) is:
h ¼ k2q2e ð11Þ
Then Eqs. (10) and (11) become:
t
qt
¼ 1
h
þ 1
qe
t ð12Þ
The kinetic plots of t/qt versus t for Cs
+ ions sorption at
different temperatures are presented in Fig. 8. The relation-
ships are linear, and the values of the correlation coefﬁcient
(R2), suggest a strong relationship between the parameters
and also explain that the process of sorption of each ion fol-
lows pseudo second order kinetic model. From Table 2, it
can be shown that the values of the initial sorption rate ‘h’
and rate constant ‘k2’ were increased with increase in temper-
ature. The correlation coefﬁcient R2 has an extremely high va-
lue (>0.98), and the theoretical qe values agree with the
experimental ones. These results suggest that the pseudo sec-
ond-order sorption mechanism is predominant and that the
over all rate constant of each sorbent appears to be controlled
by the chemisorptions process.
3.5.3. Intraparticle diffusion model
The intraparticle diffusion model, Morris and Weber model
(Weber and Morris, 1963), is expressed as:
qt ¼ kadt1=2 þ c ð13ÞTable 3 Intraparticle diffusion rate constant for the sorption Cs
different temperatures.
Temperature (K) kad (mg/g min
1/2)
Com. Inorg.
298 1.311 1.043
318 1.441 1.049
333 1.46 1.072where Kad is the rate constant of intraparticle transport (mg/
g min1/2), and c is the boundary layer diffusion. According
to this model, plotting a graphic of qt versus t
1/2, if a straight
line with intercept c is obtained, it can be assumed that the in-
volved mechanism is a diffusion of the species as shown in
Fig. 9. In this case the slope of the linear plot is the rate con-
stant of intraparticle transport. The values of Kad were calcu-
lated, from the slope of the linear plots obtained, and the
values of C were calculated from the intercept that presented
in Table 3.
3.5.4. Homogeneous particle diffusion model (HPDM)
In this model, the rate-determining step of sorption is normally
described by either (a) diffusion of ions through the liquid ﬁlm
surrounding the particle, called ﬁlm diffusion, or (b) diffusion
of ions into the sorbent beads, called particle diffusion mecha-
nism. Nernst–Plank equation (Helfferich, 1962), which takes
into account both concentration and electrical gradients of
exchanging ions into the ﬂux equation, was used to establish
the HPDM equations. If the diffusion of ions from the solu-
tion to the sorbent beads is the slowest step, rate-determining
step, the liquid ﬁlm diffusion model controls the rate of sorp-
tion. In such case, the following relation can be utilized to cal-
culate the diffusion coefﬁcient:
 lnð1 FÞ ¼ 3DiC
rodCr
t ð14Þ
where C and Cr are the equilibrium concentrations of the ion
in solution and solid phases, respectively, Di the diffusion coef-
ﬁcient in the liquid phase, F the fraction attainment of equilib-
rium or extent of adsorbent conversion, r0 the radius of the
adsorbent particle, and d is the thickness of the liquid ﬁlm.+ ions onto polyaniline titanotungstate and titanotungstate at
Intercept (C) R2
Com. Inorg. Com. Inorg.
10.627 3.172 0.9933 0.999
11.473 4.109 0.97413 0.9987
14.212 5.38 0.957 0.999
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Figure 10 Plots of ln(1  F2)as afunction of time for the diffusion of Cs+ ions onto (a) polyaniline titanotungstate and (b)
titanotungstate at different temperatures.
Kinetic modeling analysis for the removal of cesium ions from aqueous solutions using polyaniline titanotungstate 117If the diffusion of ions through the adsorbent beads is the
slowest step, the particle diffusion will be the rate-determining
step and the particle diffusion model could apply to calculate
the diffusion coefﬁcients. Then, the rate equation is expressed
by:
 lnð1 F2Þ ¼ 3Dip
2
r20
t ð15Þ
where Di is the particle diffusion coefﬁcient.
The two previous model equations (Eqs. (14) and (15) were
tested against the kinetic rate data of both polyaniline titano-
tungstate and titanotungstate at different temperatures for
Cs+ ions by plotting the functions of ln(1  F) and
ln(1  F2) against contact time. The straight lines that are
obtained in the case of ln(1  F) versus time do not pass
through the origin (graphs omitted), indicating that the ﬁlm
diffusion model does not control the rate of the sorption pro-
cesses. On the other hand, the straight lines of the plots of –ln
(1  F2) versus contact time, as shown in Fig. 10, pass through
the origin for both ions indicating that the particle diffusion
model controls the sorption processes at all studied tempera-
tures. The slope values of these plots were used to calculate
the effective diffusion coefﬁcients (Di) using Eq. (15). These
calculated values together with the correlation coefﬁcient
(R2) for both exchangers are presented in Table 4.
The magnitude of the diffusion coefﬁcient is dependent
upon the nature of the sorption process. For physical adsorp-
tion, the value of the effective diffusion coefﬁcient ranges
from106 to 109 m2/s and for chemisorptions, the value
ranges from 109 to 1017 m/s (Walker and Weatherley,Table 4 Diffusion coefﬁcients for the sorption of Cs+ ions
onto polyaniline titanotungstate and titanotungstate.
Temperature (K) Di · 1012 (m2/s) R2
Com. Ino. Com. Ino.
298 3.93 3.33 0.998 0.998
313 5.26 3.62 0.998 0.998
333 5.98 4.29 0.999 0.9971999). The difference in the values is due to the fact that in
physical adsorption the molecules are weakly bound and,
therefore, there is ease of migration, whereas for chemisorp-
tions the molecules are strongly bound and mostly localized.
Therefore, from this research, the most likely nature of sorp-
tion is chemisorptions since the values of Di were in the order
1012 m2/s for both exchangers. This is in agreement with the
pseudo second-order kinetic model. Also, based on the values
of the correlation coefﬁcient (R2) obtained for all tested mod-
els, the pseudo second-order and PHDMmodels were found to
best correlate the rate kinetic data of the sorption of Cs+ ions.
On the other hand, plotting of ln Di versus 1/T gave a
straight line, as shown in Fig. 11, proves the validation of
the linear form of Arrhenius equation:
lnDi ¼ lnDo  Ea
RT
 
ð16Þ
where D0 is a pre-exponential constant analogous to Arrhenius
frequency factor.
The energies of activation of Cs+ ions for both adsorbent,
Ea, were calculated from the slope of the straight lines in
Fig. 11 and the obtained values were presented in Table 5.0.0030 0.0031 0.0032 0.0033 0.003
-21.8
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-21.6
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 D
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Figure 11 Arrhenius plots for the particle diffusion coefﬁcients of
Cs+ ions sorbet onto polyaniline titanotungstate and titanotungstate.
Table 5 Kinetic parameters for the sorption of Cs+ ions onto
polyaniline titanotungstate and titanotungstate.
Adsorbent D0 (m
2/s) Ea (kJ/mol) DS* (J/mol K)
Composite 0.202 · 109 9.66 120.96
Inorganic 3.98 · 109 6.17 134.53
118 I.M. El-Naggar et al.Values of Ea below 42 kJ/mol generally indicate diffusion-con-
trol processes and higher values represent chemical reaction
processes (Scheckel and Sparks, 2001). Such a low value of
the activation energy for the sorption of each adsorbent indi-
cates a chemical sorption process involving weak interaction
between adsorbents, and sorbet Cs+ and suggests that each
sorption process has a low potential energy. The Arrhenius
equation would be also used to calculate D0, which in turn is
used for the calculation of entropy of activation (DS*) of the
sorption process using (Mohan and Singh, 2002):
D0 ¼ 2:72d
2KT
h
 
exp
DS
R
 
ð17Þ
where K is the Boltzmann constant, h the Plank constant, d the
distance between two adjacent active sites in the solid matrix,
R the gas constant, and T is the absolute temperature. Assum-
ing that the value of d is equal to 5 · 108 cm (Mohan and
Singh, 2002), the values of DS* for both adsorbents were calcu-
lated and presented in Table 5. The value of entropy of activa-
tion (DS*) is an indication of whether or not the reaction is an
associative or dissociative mechanism. DS* values >10 J/
mol K generally imply a dissociative mechanism (Scheckel
and Sparks, 2001). However, the high negative values of DS*
obtained in this study (Table 5) suggested that Cs+ ions sorp-
tion on each of polyaniline titanotungstate and titanotungstate
is an associative mechanism.
4. Conclusion
Polyaniline titanotungstate and titanotungstate were chemi-
cally prepared, characterized using DTA–TGA, XRD, IR
and tested as adsorbent material for the removal of cesium
ions from aqueous solutions. Polyaniline titanotungstate was
more selective for Cs+ ions than titanotungstate. The kinetics
of both adsorbents were experimentally studied and the ob-
tained rate data were analyzed using the pseudo ﬁrst-order,
the pseudo second-order, intraparticle diffusion and homoge-
neous particle diffusion kinetic models. Based on the values
of the correlation coefﬁcient (R2) obtained for all tested mod-
els, both pseudo second-order and PHDM models were found
to best correlate the rate kinetic data of both adsorbent. The
magnitudes of the particle diffusion coefﬁcients of both adsor-
bents were in the order of 1012 m2/s indicating a chemisorp-
tion nature for the sorption processes. The values of Ea
obtained are <42 kJ/mol, indicating a diffusion-controlled
process and based on DS* values, the sorption reaction of each
adsorbent are an associative mechanism.
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